Exploiting direct transmissions between geographically close mobile users without passing through the base stations (BSs), device-to-device (D2D) communications contribute significant improvement to the spectral efficiency of cellular networks. In D2D assisted cellular networks, the social interaction of mobile users is an important property that will affect the practical performance and should be seriously accounted in the network resource allocation, which is yet to be fully explored. In this paper, we investigate the social interactions for D2D transmissions and develop a contact time model to characterize the D2D links. A D2D link can be considered for resource allocation only when the two users encounter and their contact time is enough long to complete a meaningful transmission. We formulate and compare both sociality-blind and sociality-aware optimization problems for resource allocation in D2D assisted cellular networks. Extensive numerical results are presented, validating that the sociality-aware resource allocation can achieve higher performance than that of the sociality-blind approach.
I. INTRODUCTION
Aiming to provide high data rate and system capacity for next generation wireless communication systems, the Third Generation Partnership Project (3GPP) has proposed the Long Term Evolution (LTE) and LTE-Advanced (LTE-A) standards to meet the communication requirements [1] . Recently, with the dramatically rising popularity and demands of local area services, Device-to-Device (D2D) communication is proposed as a new component for future cellular networks [2] , [3] . Instead of communicating with the help of base stations (BSs), two geographically close D2D users can set up a direct transmission link for local data exchange without the assistance of infrastructures and therefore improve the utilization of spectrum resources. As a promising complement to traditional cellular networks, D2D communications can increase spectral efficiency by exploiting local direct transmission opportunities [4] - [8] .
D2D techniques can be implemented as an underlay of cellular networks, such that the interference from D2D transmissions to cellular transmissions should be managed in order to protect cellular users' quality of service [2] . Network resources can be shared by both cellular and D2D transmissions and the above interference can be avoided with LTE's orthogonal frequency-division multiple access (OFDMA) protocol. Such resource sharing will benefit the spectral efficiency and system throughput in the way that D2D can provide relatively higher transmission rate since D2D users are much closer to each other than to the BSs. In addition, limited user demands from BSs imply that it is not necessary for BSs to occupy all the system resources, which further gives opportunities for D2D transmissions.
Unlike the commonly used cellular transmission links where the BSs are operated by service providers and the link availability is guaranteed, the availability of a D2D link relies on the geographical closeness of the corresponding users. Moreover, user density will determine how many D2D links can be set up at the same time. In addition, the distance between a user and its neighbors will affect the link quality since the closer they are, the higher the achievable rate can be. User density and geographical closeness are viewed as physical properties of D2D users.
Aside from the instantaneous closeness and density of mobile users, their social behavior also plays an important role in determining the properties of D2D links. The existence of a neighbor may not necessarily imply that a stable D2D link can be set up because the neighbor, if being a stranger, may not be willing to participate in the D2D transmission or maintain the link over a long time. Taking human mobility into consideration, the neighborhood of a user may vary along time, and so do the D2D links to be established between friends. These observations motivate us to take user sociality as another dimension of user property to characterize the D2D links. The concept of contact time is adopted to describe the socialityaware link property, which is the length of present time of a D2D link that is available for transmission in view of that this link may not be present all the time. A D2D link between two friends can be considered for resource allocation only when the two users encounter (being geographically close to each other) and their contact time is enough long to complete a meaningful transmission. A longer contact time indicates that the corresponding D2D link can deliver more data. The contact time can be interpreted as the link's strength in light of sociality, as a complement to the physical strength. Both the physical and social properties will affect the D2D transmissions and further influence the network resource allocation results, and thus, should be jointly considered to determine the resource allocation for both cellular and D2D communications. For example, the D2D link between two close users may be preferred since it can provide higher transmission rate; on the other hand, if the link contact time is short, then the resource allocation may not favor this link since the available transmission time is short.
In this paper, we model the sociality of D2D transmission links in terms of contact time as an additional indicator of the link strength. Considering the spectrum resource, we formulate both a sociality-blind and a sociality-aware optimization problems for the resource allocation in D2D assisted cellular networks. In order to maximize resource utilization and network utility, the optimization problems take the sum of flows on all the links including both cellular and D2D links as their objectives under the flow conservation and congestion constraints.
The allocation is implemented by OFDMA. The contact time, which is obtained by the sociality model, is imposed as constraints to bound the transmission time of each D2D link.
Through extensive numerical results, we show that both physical property (e.g. user density) and social property (contact time) of users will affect the network performance and the resource allocation. With contact time introduced, the resource allocation can be conducted more efficiently and the network performance can be improved.
Our main contributions can be summarized as follows.
1) We develop a contact time model to characterize sociality of D2D transmission links.
2) We formulate both sociality-blind and sociality-aware optimization problems for resource allocation in D2D assisted cellular networks.
3) We present extensive numerical results which demonstrate that the sociality-aware September 2, 2014 DRAFT resource allocation can achieve higher performance than that of the sociality-blind approach.
The remainder of this paper is organized as follows. Section II reviews more related work.
Section III and IV present the system model and the contact time model, respectively. The optimization problems for resource allocation are formulated in Section V. Numerical results are presented in Section VI. Finally, Section VII gives the conclusion remarks.
II. RELATED WORK
Many works have attempted to exploit the advantages of D2D technique and improve the spectrum efficiency in cellular networks, where the efforts mainly focus on D2D peer discovery methods, transmission mode selection, power and resource management [9] . The authors in [10] proposed two network-dependent algorithms in discovering D2D pairs, which are based on the signalling message exchange. Mode selection is discussed in [11] to limit the interference from D2D communications to the cellular network, optimal resource sharing mode is selected.
Two major issues faced by D2D communications are the interference management to cellular network and the performance improvement of D2D transmissions [8] . Resource allocation in D2D systems, such as power control and routing, contributes to a large portion of current research in addressing the above issues. The work in [1] provides a solution on the operator side to control the resource allocation and transmission procedure, by targeting on user experience enhancement. By proper power control, [4] proposes the resource allocation where interference is coordinated and resource of cellular user is reused by D2D. The work in [5] effectively improves the throughput without generating interference to cellular networks by optimizing resource allocation and power control under spectrum efficiency restriction and power limitation. In the models of [6] and [7] , D2D users opportunistically access the spectrum, whereas the interference from D2D transmissions to primary cellular network is managed based on channel gain information. Authors of [12] propose spectrum sharing protocol that D2D users can assist the transmissions between BS and cellular user, similarly [13] searches for bipartite matching of D2D pair and cellular users in order to maximize network throughput. Xu et al. develop an auction-based approach for resource allocation where cellular resources act as bidders and D2D packets are auctioned off as goods, and the method leads to high system sum rate [14] . Authors of [3] propose a game-theoretic approach for radio resource allocation issues, where the problem can be modeled and analyzed with effective mathematical tools and distributed solutions can be obtained. However, throughout existing works, social information has not been exploited for resource allocation.
Sociality-aware approaches are applied in several areas such as data offloading and routing [15] . Traffic offloading process is optimized in [16] based on user encounter histories and content distribution in online social networks, while the offloading is performed by opportunistic communication and social participation in [17] . Social information can also be combined with context information to help user receive the requested content and reduce traffic generated on the network [18] . A forwarding mechanism is proposed in [19] taking advantage of the observation that users with similar interest tend to encounter more often. The data forwarding cost is also reduced in [20] by selecting relay according to a social based capability. Authors in [21] apply social network concepts such as centrality metrics and community formation in designing wireless Ad Hoc network protocols. In our work, social information is exploited to measure the link availability and reliability, based on which resource allocation can be performed to optimize spectrum utilization and improve spectrum efficiency.
III. SYSTEM MODEL of users. Specifically, if two users have an edge in E, the probability that they will encounter and is able to transmit data between each other is positive; otherwise, there is no D2D link between them. Suppose there is a total number of U users in the network, each of which is denoted as u j , j = 1, . . . , U . These users are covered by (or associated to) B BSs with each
We consider a slotted system, where a unit time slot represents the time window in which we perform resource allocation for the BSs and mobile users. For simplicity, we ignore the hand-off procedure for a user moving from one BS's service area to another. In each time slot, we assume that each user is associated with (i.e., can download data from) only one BS, which is also its nearest BS. As in the network graph, each user has an incoming edge from only one BS. In this model, we shall focus on downlink transmissions from BSs to users.
Therefore, each BS only has outgoing edges (representing the cellular transmissions) toward its associated users.
Unlike direct cellular transmissions, the device power is usually limited so that the D2D transmission only can be established between two approximal users if they are within each other's transmission range. We assume that the D2D transmission ranges are the same, in which case each edge that representing a D2D link is bi-directional. However, our approach can be easily extended to accommodate heterogeneous scenarios where users can use diverse power (which results in directed D2D edges). Define the amount of traffic from vertex i to
Upon receiving a packet, a user u j , if not the designated destination of the packet, may forward it to its destination via D2D links. However, due to human mobility, the desired D2D links may not always be available. Therefore, we suppose that each user maintains a buffer to store all the packets to be forwarded to others. Once a D2D link is available (i.e., u j encounters the desired user), it will transmit those buffered data corresponding to it. For each user u i , denote the amount of traffic destined to it as f While cellular and D2D communications can be separated in time or spectrum bands, multiple D2D links can deliver data in the same band at the same time. This is because the interference range of each user is limited; and thus a group of D2D links, on which the transmissions are orthogonal and interference-free, can transmit data simultaneously even in the same band. Such groups are usually termed as independent sets [22] . Therefore, the resource allocation should take both interferences between cellular and D2D transmissions and between pairs of D2D links into account. Moreover, in order to account for that the D2D links may not be always available in a slot, the allocation schemes should also take the contact time between user pairs into account.
In this paper, resource allocation is performed in a centralized manner, which can be implemented at a selected BS or through BSs coordination [1] . We assume that the network topology and social information are available at the BSs. Based on this, the BSs can formulate and solve the resource allocation problem. Our goal is to optimize the amount of data obtained by the users via either direct cellular downloading or D2D relaying, while satisfying the constraints stemmed from mutual interference. In the following, we first propose a socialityaware model for the contact time and then formulate the whole resource allocation problem.
IV. SOCIALITY-AWARE CONTACT TIME MODELING
To account for the effect of sociality of mobile users on the system performance, we model the behavior of D2D links based on the contact time of end users. The D2D link between two users may be disconnected due to the mobility of users and the length of time that they can stay connected is measured by the contact time, in which sense the average contact time is a measure of the link reliability. This model is also used in other related works such as [16] .
Due to human mobility, two users may frequently encounter and leave, while they can only contact with and hence forward data to each other through D2D links during their encounter time. Here, we say that two users encounter if they move close into each other's transmission range and can establish a D2D link for data transmission. In this section, we propose a sociality-based network model to characterize the contact time between any two pair of users.
For users i and j, let τ 1 (u i ,u j ) and τ 0 (u i ,u j ) be the encounter time (i.e., the time duration that i and j encounters) and inter-encounter time (i.e., the time duration between two consecutive encounters) between them, respectively. Due to mobility, both τ 1 (u i ,u j ) and τ 0 (u i ,u j ) will vary (randomly) along time. Based on some real experimental studies on human mobilities (e.g., [23] ), both the encounter and inter-encounter time can be modeled as power law distributions over [T 1 , ∞) and [T 0 , ∞) with heavy tail indices α 1 and α 0 , respectively [24] , [25] .
Specifically, we have
where α 1 > 0 and α 0 > 0. T 1 and T 0 represent the minimum encounter and inter-encounter time, respectively. All these parameters can be obtained based on either off-line experiments or data samples in historical time slots. Thus, the average inter-encounter time can be calculated
Therefore, in order to have a finite mean of τ 1 (u i ,u j ) , we must have α 1 > 1 . Similarly, if α 0 > 1, the average encounter time is given bȳ
Suppose that, if two users i and j encounter, they will attempt to establish a D2D link and contact with each other only if their encounter time is longer than a minimum value, say τ min > 0, such that a shortest D2D communication can be completed. Let τ (u i ,u j ) be the contact duration of users i and j. Then,
If τ min > T 1 , the average contact duration between these two users is
Otherwise, τ min ≤ T 1 . We haveτ
Therefore, the average contact time within a unit time slot between users i and j can be written compactly as follows.
where T ′ equals to T 1 if τ min ≤ T 1 and τ min otherwise. Note that we have assumed α 1 > 1
The contact time obtained from this model accounts for the mobility of users, and can be further fine-tuned if additional social information is available. For example, if a user's device will not be turned on for all the time, the contact time should be multiplied by the portion of time that the device is on. If a user is not willing to communicate with a specific neighbor, the contact time of this D2D link will be 0.
Based on this model, the flow allocation can then be performed, where the constraints of resource allocation can be constructed according to the contact time of each D2D link. The details will be discussed in the next section.
V. NETWORK RESOURCE ALLOCATION
In this section, we formulate the optimal resource allocation problem by taking the constraints due to mutual interference into account, where both sociality-blind and sociality-aware link models are analyzed.
A. Problem Formulation
As stated in the previous section, in each slot, the resource allocation aims to maximize the amount of data the users obtained from all the links, including both cellular and D2D
links. For user j, the amount of data received from cellular and D2D links are u j ) , respectively. For the entire network, the objective is to maximize the aggregated throughput of all the users, which is
In the following we derive the constraints of the problem. First, the traffic flow should be balanced at each user [26] . The flow conservation constraints are derived from two aspects.
• According to the system model, all the traffic in the network is originated from the BSs and ends at the corresponding destinations of the packets. Therefore, the total amount of outgoing flows from BSs should be equal to that of all incoming flows at all the destinations, i.e.,
• Consider the flow balance at each node: the sum of incoming traffic should be equal to the sum of outgoing traffic plus the amount of traffic destined to and received by the node, i.e.,
Naturally, the amount of traffic on each link should be non-negative, i.e., ∀b i , u j and u i ,
During the optimization, it is possible that a user, if far away from the BSs and the other users, will be isolated without incoming traffic, in order to optimize the total traffic. At the same time, every user in the network demands at least f lb amount of data originated from the BSs. Therefore, we have the following constraint for each user i ∈ {1, 2, . . . , U }.
For each BS b i , the transmission rate from b i to any of its associated user u j can be calculated by 
where the length of a time slot is assumed to be 1 unit for simplicity.
B. Sociality-Blind Resource Allocation
We first consider the resource allocation problem which is blind of sociality in D2D links.
In other words, as long as two users are within each others' transmission rage, the D2D link between them will always exist, with full contact time.
Since all the D2D links share the same spectrum, the links within each others' transmission ranges cannot be active at the same time instant; the links out of each others' transmission ranges may work at the same time but generate interference to each other.
For each D2D link, the other links that share common node with either transmitter or receiver will conflict with the tagged link and these links cannot transmit simultaneously.
Define such a set of links which are conflicting with
. During the transmission of (u i , u j ), the links in E Conf (u i ,u j ) will be silent, but the links out of the conflicting set may be transmitting and generating interference to (u i , u j ). Based on this, the transmission rate of link (u i , u j ) will be
where W u = (1 − η)W , which is the spectrum allocated to the D2D transmissions and P u i is the D2D transmission power of u i .
Due to channel contention, the transmission time of conflicting links should sum up to at most t u , which is the time allocated for D2D transmissions. In other words, the total transmission time of link (u i , u j ) and the links in E Conf (u i ,u j ) should be bounded by t u . This constraint can be expressed as:
which holds for any (u i , u j ) ∈ E.
C. Sociality-Aware Resource Allocation
Now we further consider sociality of D2D links in the resource allocation problem. Based on the sociality model in previous section, we can obtain the contact time of each D2D link.
The transmission time of a link (u i , u j ) cannot exceed t u t (u i ,u j ) . The links in E
Conf
(u i ,u j ) will contend channel with (u i , u j ) and therefore the actual transmission time of the link is further decreased. For link (u i , u j ), the conflicting links will contend with it only when (u i , u j ) is present. In other words, links in E Conf (u i ,u j ) contend with (u i , u j ) only in t (u i ,u j ) percent of the time. Therefore, ∀(u i , u j ) ∈ E, the sociality-aware D2D congestion constraint can be written as
Then, the formulation of the sociality-aware resource allocation problem (ARAP) is the same as BRAP except that the last constraint in BRAP is replaced by Eq. (17) . Finally, the resource allocation problems can be written as the following programming in Fig. 2 . In the resource allocation problem, the objective function is the total throughput of all users, where the amount of flow on each cellular link (x (b i ,u j ) ) and D2D link (x (u i ,u j ) ) acts as the variable for optimization.
: J as defined in (8) subject to:
sociality-blind:
sociality-aware: 
D. Implementation
In the formulated optimization problem, the decision variables are the flow on each link.
The objective function and constraints are all linear. Therefore the problem falls into the category of linear optimizations. There are many efficient algorithms available in the literature (e.g. delay column generation [27] ) to solve linear optimization problems. Then the problem can be solved by off-the-shelf optimization tools such as CPLEX [28] .
The global information of network topology and contact time between users can be known by the BSs and therefore will not introduce much communication overhead. After solving the resource allocation problem, the BSs will inform each associated user with the flow allocation result, which can be accomplished by simply perform a downlink transmission to that user.
Therefore, the communication overhead can be very low.
In the sociality-blind resource allocation, the amount of flow assigned to each link is only based on the link rate. However, the high-rate link may not be present for a long time if its contact time is short. In this case it will be a waste of resource to assign large amount of flow to the link since the flow may be shut down halfway of the transmission when contact terminates. With the sociality-aware formulation, the contact time is considered in the constraints and more reliable links will be selected for transmission. Such selection is a comprehensive decision balancing both transmission rate and available length of time for transmission.
VI. PERFORMANCE ANALYSIS
We assume mobile users are randomly deployed in a 1000 m × 1000 m area, which is covered by 4 BSs such that every user is within at least one BS's coverage range. Other network parameters are based on the settings in [14] and summarized in Table I 
A. Contact Time and Throughput
First, the impact of contact time on D2D transmissions is investigated. Since we are focusing on the D2D transmissions, only the throughput on D2D links are measured and displayed. We first fix the number of users on 500 and vary the average contact time from 0.1 to 1 (Fig. 3) . For comparison, another set of scenarios is also tested (Fig. 4) where contact time for all the D2D links is assumed to be 1 and the number of users is varied to get comparable throughput as that of the first set. From Fig. 3 and 4 we can observe that both contact time and user density can affect the throughput of D2D transmissions. The user density determines the physical density of D2D links, while the contact time acts as social strength, which affects the D2D throughput in a similar way as that of physical density. For example, the amount of D2D transmission in the case with 400 users and full contact time is close to that of 500 users and half contact time. As a result, the D2D link density in the sociality-aware context is characterized by both physical density and social strength (contact time).
B. Resource Sharing
By varying user density or contact time, we present the relationship between the achieved total throughput (including both cellular and D2D transmissions) and the resource sharing ratio η. As shown in Fig. 5 and 6 , in the scenario either with 100 users and t = 0.3 or with 50 users and t = 0.9, allocating more resources to D2D transmissions (decreasing the sharing ratio)
will improve the throughput. In these cases, there are more users present in the network or the link contact time is long, leading to more D2D transmission opportunities. As a result, D2D
transmissions will dominate over cellular transmissions, therefore it is beneficial to assign more resources to the D2D transmissions. On the contrary, in the cases with lower user density or shorter contact time, cellular transmissions become the majority. Consequently, allocating more resources to the cellular transmissions (increasing the sharing ratio) will improve the throughput. In practice, if the sharing ratio is to be decided to achieve higher throughput, then both the user density and D2D link contact time should be taken into consideration to determine which type of transmissions is preferred in order to improve the throughput.
C. Performance Comparison
The sociality-aware and sociality-blind resource allocations are performed and the through- From Fig. 7 (a) to 7(d), it can be demonstrated that sociality-aware optimization always outperform sociality-blind method. In sociality-blind resource allocation, the amount of flow assigned to each link is only based on the link rate. However, the high-rate link may not be present for a long time if its contact time is short. In this case it will be a waste of resource to assign large amount of flow to the link since the flow may be shut down halfway of the transmission due to the termination of contact time. The drawback of sociality-blind method is even intensified when the contact time is short due to the over-estimation of link availability.
With the sociality-aware formulation, the contact time is considered in the constraints and more reliable links will be selected for transmission. Such selection is a comprehensive decision balancing both transmission rate and available length of time for transmission.
When the number of users is increased or the resource share of D2D transmissions is increased, the advantage of sociality-aware optimization is further enlarged since there are more D2D links involved in the resource allocation. In summary, sociality-aware resource allocation can provide better estimation of D2D link quality in the sense of both physical transmission rate and availability, and consequently improve the network performance.
VII. CONCLUSION
In this paper, we have modeled the sociality of D2D transmission links and obtained the contact time as an additional characteristic of link strength, which is then applied in the resource allocation. Two optimization problems for sociality-blind and sociality-aware resource allocation in D2D assisted cellular networks are formulated. In order to maximize the resource utilization and network throughput, the sum of flows on all the links including both cellular and D2D links is optimized by solving the optimization problems, where the contact time obtained by the sociality model, is imposed as constraints to bound the transmission time of each D2D link. Extensive numerical results show that both physical property (e.g. user density) and social property (i.e., contact time) of users affect the network performance and the resource allocation. With the contact time information, the sociality-aware scheme outperforms the sociality-blind one in terms of network throughput.
